We propose a novel approach to confine light in a silica microfiber (MF) cavity using a lattice-constant-varying nanohole array. The MF cavity integrated with an optimally designed nanohole array produces Q-factors ~ 7×10 5 in the near infrared region while its mode volume remains ~ (λ e ) 3 . Our MF cavity of enhanced performance will find potential applications in fiber lasers, nonlinear fiber optics, cavity quantum electrodynamics (QED), and cavity optomechanics.
Abstract:
We propose a novel approach to confine light in a silica microfiber (MF) cavity using a lattice-constant-varying nanohole array. The MF cavity integrated with an optimally designed nanohole array produces Q-factors ~ 7×10 5 in the near infrared region while its mode volume remains ~ (λ e ) 3 . Our MF cavity of enhanced performance will find potential applications in fiber lasers, nonlinear fiber optics, cavity quantum electrodynamics (QED), and cavity optomechanics. Research activities in microfibers (MFs) have continued to grow in recent years [1, 2] . Taking advantages of the unique, versatile properties of MFs, different approaches [3] [4] [5] [6] have been theoretically proposed or experimentally demonstrated. A Fabry-Perot cavity or a slot resonator shows good light confinement yet suffers from low Q-factors (~ 10 1 -10 2 ) [3] . On the other hand, knot and coil resonators [4] [5] [6] provide high Q-factors (~ 10 4 -10 5 ), but their mode volumes are relatively large. Although smaller optical cavities have been implemented in high-Q MF resonators by incorporating phase-shifted Bragg gratings, the resulting Q-factors were low (~ 60) [7] .
Here, we propose an MF optical cavity capable of achieving both very high-Q and small mode-volume. Results show that the Q-factor reaches 10 5 -10 6 while the mode volume is kept close to a cube of the eigenwavelength (λ e ) 3 . This approach could prove to be very useful for studies involving cavity quantum electrodynamics (QED) and cavity optomechanics as well as micro-/nano-scale material applications that would require strong light-matter-interactions.
A schematic diagram of the MF cavity is illustrated in Fig. 1(a) . The thin MF section in the middle hosts a series of elongated, racetrack-shaped air holes. The lattice constants of the air holes labeled from N 1 to N 12 (also from N -1 to N -12 ) vary from Λ 1 to Λ 12 (also from Λ -1 to Λ -12 ). The region between N -12 and N 12 is defined as the "defect region". Outside the defect region, the lattice constant of the air holes is kept constant at Λ 12 to form "host regions". The unit cell is illustrated in the lower right corner of Fig. 1(a) . All the parameters regarding the geometry are labeled there. The introduction of the air hole in a unit cell breaks the symmetry in the x-y plane, resulting in the degeneracy of the Bloch modes. We choose to utilize the x-even modes with the electric field mainly polarized in the x-direction because these modes exhibit a wider bandgap. The band structure of the host region is shown in Fig. 1(b) . A 6.3% bandgap can be observed from 175.3THz to 198.8THz. In Fig. 1(c) and (d) , we plot the electric field distribution (E x ) at the Brillouin zone boundary. For the mode with a lower eigenfrequency, the electric field mainly resides in the silica region, and we call it "silica band". On the other hand, the field of the mode with a higher eigenfrequency is mostly confined in the air region due to orthogonality. We name this upper band as "air band".
In order to form a cavity, translational symmetry along the z-axis must be broken. Here, a parabolic variation of lattice constant (profiles shown in Fig. 2) is introduced in the defect region by gradually decreasing the lattice constants of the air holes from N -12 to N -1 and N 12 to N 1 . Thus, the upper bound of the silica band is lifted and resides inside the bandgap of host region. Since the eigenmode of the silica band preserves an odd symmetry with respect to the x-y plane [ Fig. 1(c) ], an even number of periods is chosen in order to form a first order mode with even symmetry. The first order mode exhibits the strongest electric field or hotspot at the center of the defect. Figure 3(a) displays the detailed electric field distribution of the first order mode in the x direction observed at λ e ~ 1588 nm. In addition, due to the 24 periods present in the defect region, the second order mode also appears, located at λ e ~ 1643 nm. Because of the orthogonality requirement, the second order mode forms two hotspot peaks split around the center of the defect that results in more leakage and poorer confinement in the axial direction [ Fig. 3(b) ]. As a result, the Q-factor of the second order mode (~ 3.5×10
3 ) is lower than that of the first order mode (~ 1.8×10 4 ). To achieve even higher Q-factor, we increase the length of the host region by adding more periods. It is clearly seen in Fig. 4(a) that as the number of periods in each side of the host regions (N host ) grows, the Q-factor initially increases almost exponentially because the axial radiation is gradually and effectively suppressed. However, Qfactor ultimately saturates at ~ 7×10 5 and ~ 5×10 5 for the first and second order mode when N host increases beyond 20 and 25, respectively. At these values, the mode is optimally confined in the cavity along the axial direction. Only transverse radiation perpendicular to the optical axis limits further increase in Q-factor. We also calculate the mode volume (V eff ) of the cavity, shown in Fig. 4(b) . Because the mode energy is mostly confined in the defect region with exponentially decaying tail in the host region, V eff is almost independent of N host , and V eff stays approximately at (λ e ) 3 and 1.5(λ e ) 3 for the first and second order mode, respectively. In summary, we have proposed and analyzed a new MF-based cavity. Its gradually varying lattice constant of the periodic holes along the axial direction minimizes scattering losses during mode-volume compression, and its supported 1 st and 2 nd modes bearing great resemblance to the locally supported eigenmode are strongly localized in the defect region. With strong local confinement and efficient focusing, the proposed structure accomplishes both high Q-factors and small mode volumes. It will prove to be very useful in micro-/nanophotonic applications.
